In this paper, an analytical model of the formation of holographic polarization gratings (HPGs) in PDLCs that accounts for light-induced changes in absorption coefficient and the strong adhesion of liquid crystal molecules to the bounding surfaces is developed. Holographic formation by two linearly orthogonally polarized beams is considered. The formation of HPGs in PDLCs is possible due to the light-induced periodic spatial inhomogeneity of the optical anisotropy of the material caused by the superposition of two plane coherent orthogonally polarized waves on the sample plane (under the influence of the photo-induced Fredericks effect), which is stabilized as a result of the phase separation of the PDLC components during the photopolymerization process. Expressions for the exact and approximate solutions of the recording problem are obtained, and numerical simulation of the spatial changes of the dielectric tensor was performed. The obtained results can be used to develop a model of the diffraction of light beams on the spatially inhomogeneous HPGs.
Introduction
The development of controllable filtration and switching elements for fibre-optic communication systems, excluding the optoelectronic conversations, is one of the most urgent tasks for modern science and technology. Photonic structures that are holographically formed in polymer-dispersed liquid crystals (PDLCs) can become the basis for such elements.
The processes of holographic recording and readout of propagating and reflecting inhomogeneous phase diffraction gratings in PDLCs are well studied, both theoretically and experimentally [1e4 and others].
Recently, the possibility of forming polarization gratings in PDLCs based on nematic liquid crystals (NLCs) using polarization holography methods [5] was demonstrated [6 and others] . In addition, in Ref. [7] , it has been shown that changes in the lightinduced absorption coefficient are typical for PDLCs, and in Ref. [8] , the influence of the strong adhesion of liquid crystal molecules to the bounding surfaces, affecting the molecules' orientation, is shown.
The aim of this study is to develop an analytical model of the formation of holographic polarization gratings (HPGs) in PDLCs, taking into account the light-induced changes in absorption coefficient and strong surface adhesion.
Theoretical model
Let us consider the formation of HPGs in PDLCs by two plane coherent orthogonally polarized light waves (Fig. 1a) .
In this case, the phase difference between the interfering waves only leads to changes in the polarization state of the resulting field, i.e., intensity modulation is absent. Because an NLC is able to orient in the direction of the electric field vector of the light field under the influence of the photo-induced Fredericks effect [9] (Fig. 1b) , gratings with periodically repeated orientations of NLC molecules are formed in the PDLC [6] . Stabilization of these gratings occurs during photopolymerization processes. After all of the orientational and photopolymerization processes are complete, the periodic spatial inhomogeneity of the optical anisotropy of the material can be observed in the PDLC.
In Fig. 1 , the following parameters are used:k 1 , k 1 ; q 0 , q 1 e wave vectors and incidence angles (in the yOz plane) of the incident beams; E 0 , E 1 ; g 0 , g 1 e electric field vectors and polarization angles (in the xOy plane); E, E x , E y e electric field vector of the resulting recording wave and its projections onto the coordinate axes, respectively; C e NLC director; 4 e angle of the director rotation relative to the x-axis; j e azimuth of the resulting wave polarization ellipse main axis rotation relative to the x-axis.
Changing light-induced absorption coefficient
Under the influence of a light field in the PDLC, the dye molecule absorbs a photon with the formation of a dye radical and the primary radical initiator. The radical of the dye is not involved in further chemical reactions and converts to the colourless leuco form.
Thus, during the HPG formation, the dye concentration decreases. This fact causes the light-induced decrease of light absorption.
The absorption coefficient dependence of the amount of absorbed radiation can be written as [7] : À daðr; tÞ dt ¼ 4 q a 0 I abs ðr; tÞ;
where a(r,t) ¼ a 0 ,K d (r,t) e PDLC absorption coefficient with the light-induced changes taken into account; K d (r,t) e dye concentration; a 0 e absorption of one molecule; 4 q e quantum yield of the dye; I abs (r,t) e light intensity determined using the BouguerLambert law; r e radius-vector. We will use the expression for the light-induced changes in absorption in the transmission geometry obtained in Ref. [3] :
where a sub e substrate absorption coefficient; K d0 e initial dye concentration.
The absorption coefficient dependence with time is shown in Fig. 2 .
As shown in Fig. 2 , the absorption coefficient exponentially decreases with time.
Holographic polarization grating formation
We will use the Jones' formalism [10] to determine the recording light field:
where 
are matrices of the inverse coordinate axis rotation. Subsequently, for simplicity, the time dependence is omitted. Next, the resulting Jones' vector will be:
To determine the polarization characteristics of the resulting wave, we will use the complex parameter named "phasor", which was previously given in Ref. [11] :
where J o ðrÞ and J e ðrÞ are components of the resulting Jones' vector, which are related to the ordinary and extra-ordinary PDLC waves, respectively. Next, the distribution of the azimuth jðrÞ and ellipticity rðrÞ of the resulting light field can be determined by the following expressions [12] :
Thus, we can determine the distribution of the director rotation angles, 4(r), caused by the influence of the electric component of the light field using the methods described in Refs. [9, 13] by solving the following equation and taking into account the strong surface adhesion [8] :
where d e sample thickness; x e ðE; rÞ ¼ "
coherence length distribution [9, 13] ; EðrÞ ¼ ffiffiffiffiffiffiffi ffi IðrÞ p , I(r) e the total intensity of recording field; ε o and ε e are components of the unperturbed dielectric tensor measured in the longitudinal and transverse orientation of the LC director, respectively; K 33 is the Frank coefficient; and E o (r) and E e (r) are the spatial distributions of ordinary and extra-ordinary PDLC waves, respectively, which are obtained using Eqs. (6) The PDLC refractive index modulation can be determined using the following expression:
o ,sin 2 ðnÞ þ n 2 e ,cos 2 ðnÞ
where n ¼ 90À4(r) ± q i ; n o ¼ ffiffiffiffi ffi ε o p and n e ¼ ffiffiffiffi ffi ε e p are refractive indexes measured in the longitudinal and transverse orientation of the LC director, respectively. The spatial distribution of the PDLC dielectric tensor can be represented as a Fourier series of the harmonics of the spatial gratings:
where ε p is the polymer permittivity, b I is the unit tensor, r is the NLC volume fraction, and K j ¼ jK and b ε 
Approximate solution
Generally, Eq. (8) may be solved only numerically. However, at low intensities of the recording beams, it is reasonable to assume a smallness of director rotation angles 4(r), so we can replace the sine function with its argument in Eq. (8): 
where f i ðE; rÞ is the result of numerical solution of Eq. 
where amplitudes of the each harmonic ε lc ½1;1;i ðEÞ are determined using (10) in the case of numerical solution of (8) and ε lc;app ½1;1;i ðEÞ are determined using (10) in the case of approximately calculated f app ðE; rÞ using (16) or (17).
Numerical simulations
We will analyse the dependence of the spatial distribution of the director rotation angles on the recording field intensity at different times (Fig. 3) by solving Eq. (8) . In addition, we will calculate the amplitudes of the dielectric tensor harmonics (Fig. 4) using expression (10) .
We will use the following parameters: l ¼ 633 nm e wavelength
MBBAs were chosen as NLCs, and K 33 ¼ 7.45$10 À6 din. In addition, for the light-induced absorption changes, we used the parameters given in Ref. [7] .
Analysis of Fig. 3 shows the following: first, strong adhesion of the NLC molecules to the bounding surfaces causes the bell-shaped profile of the 4(r) distribution along the z-axis; second, distribution 4(r) is complicated, periodic, and anharmonic; third, the lightinduced absorption changes cause the rotation angles to increase over time.
Analysis of Fig. 4 shows the following: first, the recording HPGs are anharmonic, with marked predominance of even harmonics; second, the light-induced absorption changes cause an increase of the HPG's amplitude. Fig. 5 shows the estimation of the errors in determining the director rotation angle (Fig. 5a ) and the amplitude of second harmonic of [1, 1] element of the dielectric tensor perturbation (Fig. 5b) in the approximate solution of the recording problem. Fig. 5 shows that the approximate solution can be used in the cases of small recording field intensities (0.8 ÷ 1.0)E c , and it provides an error that does not exceed 0.5% for the sine function (15) and 3% for the linear approximation.
Conclusion
In this paper, we developed a theoretical model of the formation of holographic non-uniform polarization gratings in a PDLC via two plane linearly orthogonally polarized light beams with the lightinduced absorption changes and the strong surface adhesion taken into account. This model describes the changes in the quasiperiodic dielectric tensor caused by the formation of the spectrum of spatial harmonics with a complicated spatial dependence on the sample depth. The obtained results can be used to develop a model of the diffraction of light beams on the spatially inhomogeneous HPGs and its diffraction characteristics analysis.
